ABSTRACT Commercial baits containing boric acid, hydramethynon, and indoxacarb were tested against the Þrebrat, Thermobia domestica (Packard), and silverÞsh, Lepisma saccharina L. (both Zygentoma: Lepismatidae), under laboratory conditions. Three boric acid baits were consumed in signiÞcantly smaller amounts than untreated control food and did not effectively control either species. Baits containing hydramethylnon and indoxacarb were consumed in greater amounts than boric acid baits, but were relatively ineffective, with LT 50 values Ͼ9 d. Presence or absence of competitive untreated food did not consistently affect bait efÞcacy. A ground oat matrix was used to evaluate the potential effectiveness of abamectin, chlorfenapyr, dinotefuran, Þpronil, hydramethylnon, metaßumizone, and novaluron baits. The most effective compound was chlorfenapyr. At 0.05 and 0.20% (wt:wt) rates, chlorfenapyr baits produced LT 50 values, for both species, ranging from 2 to 4 d. All other compounds had LT 50 values Ͼ7 d.
Thysanura (Lepismatidae) species such as the Þr-ebrat, Thermobia domestica (Packard), and silverÞsh, Lepisma saccharina L., are well known household and stored article pests throughout the United States and much of the world (Ebeling 1975) . Pest silverÞsh species prefer to feed upon proteins and starch-containing carbohydrates such as ßour, dried grains, paper, and glue (Berger 1945) . When present in small numbers, they are a nuisance, but large populations in undisturbed areas can produce considerable damage. Several early reports studied the effectiveness of active ingredients in baits for silverÞsh control. Some bait ingredients such as ßuorine and barium compounds were accepted and effective (Seiferle et al. 1938; Richardson and Seiferle 1940; Mallis 1941 Mallis , 1944 whereas other active ingredients such as thiodiphenylamine did not control silverÞsh (Snipes et al. 1936 ). Ingredients such as white arsenic (arsenic trioxide) and sodium ßuoride also have been documented as very effective for the control of Þrebrats (Wakeland and Waters 1931, Snipes et al. 1936) . Mallis (1941) , however, noted that white arsenic, sodium arsenate, and sodium ßuoride in a ßour paste formulation repelled Ctenolepisma longicaudata (ϭurbana) (Slabaugh). These active ingredients are no longer used in pest control formulations but boric acid, Þrst registered for pest control in 1948, is still available in several bait products that are labeled for silverÞsh control. Recent studies (Rust and Millard 2009) indicate that commercial baits containing 5% boric acid are ineffective against both the Þrebrat and silverÞsh; there is little additional published information on the efÞcacy of boric acid baits on silverÞsh.
The purpose of this research was to evaluate the laboratory effectiveness of commercial baits that are labeled for silverÞsh control. New potential bait active ingredients also were evaluated against the Þrebrat and silverÞsh. A choice versus no-choice testing protocol was used to determine the effects of competitive food on efÞcacy.
Materials and Methods
Test Insects. Firebrats used were from laboratory colonies maintained continuously for Ͼ30 yr. SilverÞsh were obtained from a colony at S.C. Johnson & Son, Racine, WI, maintained in the laboratory for Ͼ20 yr. Firebrats were reared in Ϸ115-liter plastic cooler boxes maintained in total darkness at 30ЊC and supplied either dry baby food (Gerber) or oat bran and water ad libitum. SilverÞsh were reared in Ϸ15-liter plastic boxes maintained on an irregular photoperiod at 25ЊC and supplied dry ground oats and water ad libitum.
Commercial Baits. The following commercial bait products were tested: MotherEarth Granular Scatter Bait (5% orthoboric acid; BASF Corporation, St. Louis, MO), InTice Granular Bait (5% orthoboric acid; Rockwell Labs, Kansas City, MO), Niban FG Bait (5% orthoboric acid; Nisus Corp., Rockford, TN), DuPont Advion Insect Granule (0.22% indoxacarb, E. I. DuPont, Wilmington, DE), and Maxforce Complete Granular Insect Bait (1.0% hydramethylnon, Bayer Environmental Science, Research Triangle Park, NC).
Active Ingredients Evaluated. A matrix of ground oat bran (Fine Oat Bran #12, La Crosse Milling Company, Cochrane, WI) was used to formulate and test abamectin (0.01 and 0.05%, Syngenta, Wilmington, DE), chlorfenapyr (0.05 and 0.20%, BASF Corporation, Research Triangle Park, NC); Þpronil (0.001 and 0.01%, BASF Corporation); hydramethylnon (1.0%, BASF Corporation); metaßumizone (0.063 and 0.25%, BASF Corporation), and novaluron (0.25%, Makhteshim Agan, Airport City, Israel). All actives used were of Ͼ95% purity. Actives were dissolved in acetone, mixed into the oat bran, and allowed to air dry for 24 h followed by a Þnal mixing of the bait to ensure uniform incorporation. Niban FG Bait (5% orthoboric acid) was included as a commercial standard and to include boric acid as an inorganic active ingredient. Ground oat bran bait matrix was used as the untreated negative control.
Bait and Active Ingredient Evaluation. Approximately 150 mg of granular bait was added to a 4.5-cm plastic weigh boat and placed onto the bottom of a 0.473-liter plastic cup. Each cup also contained a 5-cm length of wetted dental wick, and a 3-cm-long cylindrical cardboard harborage. Ten adult Þrebrats or six silverÞsh also were placed in each cup. Treatments consisted of the different bait formulations alone (no choice) or the treated bait matrix simultaneously presented with ground oat bran (choice). In total, Þve replicate cups were used for each treatment combination (no choice or choice). Control cups contained only untreated ground oat bran. Bait and competitive food consumption were determined at the end of the study (21 d). Mortality was recorded daily for 21 d. Firebrats or silverÞsh were scored as dead if they did not move when touched with a metal probe. Mortality was quantiÞed, and the treatments were compared using Probit analysis; PROC PROBIT procedure in SAS version 9.1 software (SAS Institute, Cary, NC). Table 2 ). None of the commercial boric acid baits (in no-choice or choice tests) had LT 50 values that were signiÞcantly different from the oat bran control for both species. There were no differences between the no-choice and choice LT 50 values within the individual boric acid bait treatments ( Table 2 ). All treatments resulted in Ͻ10% mortality of silverÞsh and Þrebrats during the 21-d experiment. Commercial formulations of hydramethylnon (Maxforce) and indoxacarb (Advion) were more effective than boric acid baits ( There was no Þrebrat mortality in the control diet treatment during the 21-d test. Firebrats fed control ground oat bran consumed Ϸ42 mg in total when it was presented in one dish and Ϸ49.9 mg in total when it was presented in two dishes (Table 3) . These values are not signiÞcantly different (P Ͻ 0.05). The lowest LT 50 values (3.11 and 2.18 d) were in the 0.20% chlorfenapyr choice and no-choice treatments, respectively (Table 4 ). The greatest LT 50 value was 1464 d for the 5% boric acid (NiBan) choice test (Table 4 ). All baits (in no-choice or choice evaluations) had LT 50 values that were signiÞcantly different from the ground oat bran control. There was no difference in LT 50 values between no-choice and choice treatments, except for the 0.01 and 0.001% Þpronil treatments and the 0.25% metaßumizone treatment (Table 4 ). The no-choice LT 50 values of 0.01 and 0.001% Þpronil were signiÞ-cantly lower than those for the same baits in choice tests (Table 4 ). In contrast, the choice test LT 50 value for 0.25% metaßumizone was signiÞcantly lower than the no-choice test. No-choice consumption of insecticidal baits ranged from 4.3 mg for the 0.05% chlorfenapyr to 48.0 mg for the 0.25% novaluron (Table 3) . Most treatment bait consumption was relatively small compared with the consumption of the ground oat bran control (42Ð 49.9 mg). Because of handling difÞculties and the identical physical appearance of the ground oats control and formulated baits, it was sometimes impossible to differentiate bait and competitive food consumption. Total choice treatment consumption ranged between 19.6 mg for 0.01% abamectin and 61.8 mg for the 0.01% Þpronil (Table 3) . Total consumption of both Þpronil treatments (0.001 and 0.01%) was greater than the other formulations and greater than the ground oats control. Chlorfenapyr Effects on Silverfish. Groups of silverÞsh fed ground oat bran control bait consumed 57.8 mg when it was presented in one dish and 47.9 mg when it was presented in two dishes (Table 5) . These values are not signiÞcantly different (P Ͻ 0.05) and are consistent with the similar consumption of control bait from one or two dishes over a 21 d by Þrebrats (Table  3) . Chlorfenapyr, at 0.20% in choice and no-choice tests, produced LT 50 values of 2.49 and 2.59 d, respectively (Table 6) . These values are similar to the comparable LT 50 values of Þrebrats (Table 4) . No-choice and choice test baits had LT 50 values that were signiÞcantly different from the oat bran control. There was no difference in LT 50 values between the nochoice and choice 0.20% chlorfenapyr treatments. However, the LT 50 value for the no-choice 0.05% chlorfenapyr treatment was signiÞcantly lower than that for the choice treatment ( Table 6 ). As with the Þr-ebrat tests, handling difÞculties made it difÞcult to differentiate bait and competitive food consumption in the choice tests, but we assume that the additional consumption in choice tests was due to consumption of the untreated ground oat control. In choice tests, the total consumption was 14.6 mg for the 0.05% chlorfenapyr treatment and 25.4 mg for the 0.20% chlorfenapyr treatment (Table 5) .
Results
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Discussion
Early data exploring the effectiveness of active ingredients in baits are difÞcult to interpret because no-choice test protocols were typically used. For example, Snipes et al. (1936) found that a 7% sodium ßuoride bait was highly effective on Þrebrats under no-choice conditions, and Seiferle et al. (1938) recommended the use of sodium ßuoride in Þrebrat bait based on no-choice tests. In contrast, Mallis (1941) presented Þeld data indicating that C. urbani was repelled by 7% paste formulations of sodium ßuoride, sodium ßuosilicate, and white arsenic. Lau-Greig (1992) found that, when provided with the choice of an untreated food source, Þrebrats did not feed on various papers coated with sodium ßuoride, borax, or boric acid. Field populations of silverÞsh, like most urban pest species, nearly always have access to alternative food sources, so realistic laboratory tests using new baits should use a choice test as part of the experimental design.
None of the commercial 5% boric acid baits were effective against either Þrebrats or silverÞsh. Little bait consumption by Þrebrats, in either the no-choice or choice tests, indicates that boric acid in these formulations is a repellent, a feeding inhibitor, or both. SilverÞsh consumed greater amounts of, and were relatively more susceptible to, one boric acid product (Niban FG), but LT 50 values were still very long (Ͼ32 d). The signiÞcant increase in consumption by silverÞsh on control bait in the Niban FG choice tests was unexpected and suggests that boric acid either stimulated feeding, increased the metabolic rate resulting in increased food consumption, or affected digestion or metabolism in a manner that induced increased food consumption to maintain energy balance. These results suggest that boric acid bait products, especially in the presence of alternate food sources, are unlikely to be effective against either Þrebrats or silverÞsh under Þeld conditions. Experimental formulations of 5% boric acid incorporated into alternative bait matrices, failed to increase the efÞcacy against Þrebrats (our unpublished data), indicating that boric acid repellency will be difÞcult to overcome by simply increasing bait palatability. Boric acid and borates are also repellent, when incorporated into dry baits, to other insect species such as the German cockroach, Blattella germanica (L.), and the house ßy, Musca domestica L. (Strong et al. 1993 , Hogsette and Koehler 1994 , Mullens and Rodriguez 1992 . Commercial bait products containing the active ingredients hydramethylnon and indoxacarb were also relatively ineffective, with LT 50 values Ͼ9 d. SilverÞsh were signiÞ-cantly more susceptible than Þrebrats to indoxacarb under no-choice or choice conditions, but the responses of both species to hydramethylnon were similar.
Seven active ingredients were tested on a ground oat bran matrix similar to that used for Þrebrat colony rearing. Most of the compounds reduced feeding on the bait matrix compared with the untreated control. Because of handling difÞculties and the identical physical appearance of the ground oats control and the formulated baits, it was sometimes impossible to differentiate bait and competitive food consumption. However, total consumption (treated bait ϩ untreated control food) was typically greater than treated bait alone (no choice) ( Table 3 ), indicating that additional consumption was probably due to consumption of the untreated control food. The one exception to this was 0.25% novaluron, where there was greater consumption of the no-choice bait alone. Fipronil, at both 0.001 and 0.01%, had signiÞcantly lower LT 50 values, in no-choice versus choice tests, suggesting preferential feeding on control food. The total consumption of treated and untreated bait in the 0.001 and 0.01% Þpronil choice treatments was greater than the other active ingredients and exceeded the oat bran control. In the choice tests, Þpronil may have acted as a direct feeding stimulant or increased the digestion or the metabolic rate of Þrebrats, resulting in increased food consumption to maintain energy balance.
The amount of bait consumed by Þrebrats was not correlated to toxicity. For Þrebrats, the most antifeedant and least consumed formulations were the 5% boric acid bait products that produced little mortality. The least repellent compounds, based on consump- tion of toxic bait in no-choice tests, were Þpronil and novaluron. Despite the relatively large amounts of these two compounds ingested, they were neither the most rapid acting nor the most toxic. Chlorfenapyr was consumed in amounts Ͻ20% that of untreated control bait but had the most rapid activity (shortest LT 50 ) against both Þrebrats and silverÞsh. These results indicate that chlorfenapyr has signiÞcant potential for control of silverÞsh infestations. Chlorfenapyr is a pro-insecticide (metabolized into an active insecticide after entering the host), derived from a class of microbially produced compounds known as halogenated pyrroles (Kuhn et al. 1993) . Oxidative removal of the N-ethoxymethyl group of chlorfenapyr by mixed function oxidases forms the compound CL 303268, which uncouples oxidative phosphorylation in the mitochondria, disrupting the production of adenosine triphosphate ATP, leading to cell death and eventual mortality (Lovell et al. 1990 , Black et al. 1994 . Chlorfenapyr is generally nonrepellent to target species Saran 2006, Reierson et al. 2008 ).
The small amount of bait consumed may be associated with feeding cessation related to onset of toxicity. It is also possible that a portion of the biological activity of chlorfenapyr came from direct physical contact of Þrebrats and silverÞsh with the toxic bait. Hydramethylnon, an inhibitor of mitochondrial electron transport complex III, was consumed in greater amounts by both Þrebrats and silverÞsh but had signiÞcantly slower activity than did chlorfenapyr. SilverÞsh control using baits may be difÞcult for several reasons. SilverÞsh are often repelled by the presence of active ingredients incorporated into their food. Ctenolepisma longicaudata Escherich, for example, is extremely sensitive to the taste of certain substances, and it ignores nonpreferred materials (Lindsay 1940). Rust and Millard (2009) reported that silverÞsh and Þrebrat control with commercial baits was usually unsuccessful because the insects did not feed on them. When exposed to repellent food substances, species such as Þrebrats can survive prolonged periods of starvation and desiccation (Okasha 1972) . A starvation experiment done on C. longicaudata showed that starved adults could live up to 307 d (Lindsay 1940) . The ability of silverÞsh to greatly reduce consumption and metabolism and persist for long periods without eating reduces the effectiveness of baits that are nonpreferred. Reverse molts, cannibalism, and egg consumption also might enable greater survival in the presence of repellent foods. SilverÞsh seem to be less susceptible to certain active ingredients compared with other pest insect species such as cockroaches. For example our results demonstrate that bait containing abamectin, hydramethylnon, and Þpronil, active ingredients that are effective in commercial cockroach baits, was relatively ineffective against Þrebrats and silverÞsh. The insect benzoylurea growth regulator novaluron was readily accepted by Þrebrats but had relatively little effect. All of these baits were consumed in greater amounts than chlorfenapyr but produced considerably less mortality.
In summary, among a group of seven active ingredients evaluated for bait efÞcacy against Þrebrats and silverÞsh, the 0.05 and 0.20% chlorfenapyr bait formulations had the lowest LT 50 values and best performance, in both choice and no-choice tests. Compared with commercial standards containing boric acid, hydramethynon, and indoxacard, the chlorfenapyr formulations were clearly superior.
